Pullout tests are effective to investigate the interaction mechanism along the interface in geogrid reinforced zone.
1. 1. 1.
Introduction
In the reinforced soil wall and embankment, the pullout test was usually carried out to evaluate friction characteristics between soil and reinforcement. The pullout test was believed to be able to evaluate the reinforced mechanism in more detail. Therefore, it is important to assess the change of characteristics of stress, deformation and dilatancy of reinforced soil under the pullout test. The Discrete Element Method (DEM) based on the micromechanical studies on soils held much promise as a tool for investigating aggregate-geogrid composite systems (McDowell et al., 2006) . Since such method could provide micro scale information which was difficult to obtain through experiments, such as particle displacements (S.H. Liu et al., 2005) . Hence, in this paper, based on the discrete element method (DEM), a PFC (particle flow code) biaxial test was carried out to examine slip contact model for cohessionless soil and a PFC DEM pullout tests analysis was performed to better understand the geogrid pullout behavior in cohessionless soil. The PFC models of pullout test were prepared in different porosities, a dense sample and a loose one, in order to simulate the pullout response paying attention to compaction effect linked with porosity. As shown in Fig.1 , the normal contact included a normal spring and a divider; no tensile force was transmitted through the contact when the particles were separated.
The shear contact included a shear spring and a slider that provided a shear resistance controlled by the Mohr-Coulomb criterion. The normal contact was characterized by the normal contact stiffness ݇ . The shear contact was characterized by the shear contact stiffness ݇ ௦ and the shear strength defined by the interparticle friction angle ߮ ఓ . The slip contact model provided no normal strength in tension and allowed slip to occur by limiting the shear force. Therefore, it was suitable to be used for the cohesionless soil such as sand and gravel.
In the slip contact model, the nature of cohesionless soil particles was governed by the contact stiffness of particles (normal contact stiffness ݇ and shear contact stiffness ݇ ௦ ) and interparticle friction angle (߮ ఓ ).
Therefore, a series of numerical biaxial tests (shown in Fig.2) were carried out to investigate the effect of ݇ , ݇ ௦ and ߮ ఓ on the shear resistance of cohessionless soil sample applying the slip contact model. As shown in Fig.2 , in the biaxial test, the axial strain ߝ was applied to the top and bottom walls, while the left and right side walls were applied by a target confining stress ߪ .
However, since the target confining stress of the biaxial test was applied by Servo-control of the walls, wall positions were adjusted in a feedback loop to achieve a target stress state. Therefore, it was necessary to confirm the effect of axial strain rate (݀ߝ ) on the biaxial test results. Fig.3 presented that the axial strain rate influenced the validity of the Servo-control. When the axial strain rate was low enough, the confining stress were stable. Nevertheless, when the axial strain rate was high, the confining stress could not be maintained effectively. As a result, the axial strain rate should be low enough to obtain stable and reasonable biaxial simulation results (shown in Fig.4 ). However, the reasonable axial strain rate was not constant, which was depended on particle properties.
It was shown in Fig.5 that the residual shear strength was not controlled by the ball stiffness ratio (݇ /݇ ௦ ), almost the same value of various ball stiffness ratios.
And the ball stiffness ratio did not influence the strain-stress curves dramatically. Hence, it could be assumed that ball stiffness ratio was equal to 1.0 (݇ /݇ ௦ ).
And when contact normal stiffness was equal to the contact shear stiffness, the Young's modulus of soil sample was defined by the contact stiffness, increasing as the increase of contact stiffness (shown in Fig.6 ).
However, the residual shear strength tended to a narrow band, which was not sensitive to the contact stiffness of particles.
For regular packing geometries (in which each particle had four neighbors and thickness was 1), it may be possible to develop analytical expressions for modulus and strength. The increment in axial stress ∆ߪ was related to the increment in axial force ‫ܨ∆‬ as follows:
where ܴ was the radius of all particles. The increment in strain ∆ߝ was related to the relative normal displacement between two adjacent particles ‫,ݑ∆‬
This displacement gave rise to a normal force. Recalling that the normal contact stiffness was connected in series, the normal stiffness between two particles should be half of single particle normal stiffness ݇ .
Substituting from eq.1,
Eq.5 was a useful first estimate for the input normal contact stiffness ݇ of a nonuniform array of particles. And the modelling of the cohesionless soil should be carried out under a reasonable axial strain rate, which was determined previously.
The slip contact model was applied to simulate the gravel soil using in pullout test, whose parameters were determined according to the procedure mentioned above, listed in Table 1 The experimental soil of a particle size distribution shown in Fig.8 together with simulated soil sample was tested that its peak internal friction angle was equal to 46˚ and its critical internal friction angle was equal to 40˚.
The analyzed shear stress and volumetric strain as a function of axial strain were presented in Fig.9, Fig.10 and respectively. Fig.11 exhibited that the simulated shear strength was consistence with the experimental result, demonstrating that the procedure determining the micro parameters for slip contact model was applicable.
Discrete element modelling of pullout test
Discrete element simulations of pullout test were performed in order to reproduce the response of geogrid embedded in gravel soil.
The DEM pullout test model was shown in Fig.12 , displaying a soil sample of disks and the location of embedded geogrid in a pullout box. And considering the computational efficiency, the vertical stress in pullout simulation was provided by the self-weight of disks on the top surface of soil sample (shown in Fig.12 ). The dimensions of the pullout test box were h (height) = 300 mm, w (width) = 370 mm and the geogrid length embedded in the soil sample was 180 mm.
The geogrid was modeled as disks bonded together by contact bond (shown in Fig.12 ). The particle sizes were different considering the interaction effect of geogrid.
The tensile stiffness of the geogrid model was set to 300 kN/m, and the micro parameters of geogrid model were adjusted to satisfy this tensile stiffness. The micro parameters for geogrid were given in Table 2 .
To avoid any dynamic effect, the pullout test was run under a low pullout rate of 0.0002mm/timestep. The pullout resistance was calculated by:
where ߬ was the pullout resistance, ‫ܨ‬ was the pullout force, ‫ܤ‬ was the geogrid width, and ‫ܮ‬ ீ was the length of geogrid in the soil sample.
Discussion of pullout test simulation result
In order to evaluate the influence of compact effect linked with porosity and dilatancy on geogrid reinforcement behavior, discrete element soil samples with different porosities were prepared. Because of the gradation of the soil sample, the maximum and minimum porosities were around 0.18 and 0.16 respectively. Due to the compaction problems, stability problems and the large computation time of soil sample modelling, a dense soil sample with initial porosity of 0.17 and a loose soil sample with initial porosity of 0.18 were analyzed. in dense sample was inclined to be transmitted to wider zones. The main reason seemed to be that the dense soil particles held more compacted particle contact. As a result, the forces were easily transmitted, confining movement of each particle effectively. And it could be observed from Fig.16 that the shape of the displacement vectors in dense sample resembled an arch, it might provide extra contact force on geogrid particles besides the vertical stress. It could be inferred that, in a microscopic point of view, the geogrid influenced comparatively vicinity zone around it and a dilatancy occur while the confinement was applied.
Conclusions
Discrete simulations of pullout tests on loose and dense soil samples were performed using the discrete element 
